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Two-atom systems in small traps are of fundamental interest, first of all for understanding the
role of interactions in degenerate cold gases and for the creation of quantum gates in quantum
information processing with single-atom traps. One of the key quantities is the inelastic relaxation
(decay) time when one of the atoms or both are in a higher hyperfine state. Here we measure
this quantity in a heteronuclear system of 87Rb and 85Rb in a micro optical trap and demonstrate
experimentally and theoretically the presence of both fast and slow relaxation processes, depending
on the choice of the initial hyperfine states. The developed experimental method allows us to single
out a particular relaxation process and, in this sense, our experiment is a ”superclean platform” for
collisional physics studies. Our results have also implications for engineering of quantum states via
controlled collisions and creation of two-qubit quantum gates.
Introduction
The studies of two-atom systems in small traps at-
tract a great deal of interest, in particular for engineer-
ing of quantum states via controlled collisions and cre-
ation of quantum gates in quantum information process-
ing with a set of single-atom traps [1, 2]. The crucial
points are the decoherence time and the lifetime related
to the interaction-induced inelastic decay of a higher hy-
perfine state. On the other hand, this type of inelastic
processes, in particular heteronuclear ones, are important
for the creation of multi-species quantum degenerate sys-
tems [3], for obtaining ultracold heteronuclear molecules
[4], and for ultracold chemistry [5]. However, the main
obstacle in the studies of inelastic heteronuclear collisions
in a trapped gas [6] is a simultaneous presence of a large
variety of loss mechanisms, which complicates the analy-
sis. In magneto-optical traps where many heteronuclear
systems have been studied [7–12], aside from collisional
processes one has radiative escape. In optical dipole traps
there are homonuclear inelastic collisions [13–15], and at
sufficiently large densities three-body recombination be-
comes important [16]. It is therefore crucial to perform
experiments allowing one to single out a particular in-
elastic process [17–19].
This is done in the present paper. We study a two-
atom system of different isotopes of rubidium (single
85Rb and single 87Rb) in a micro optical trap. One of
them or both are in a higher hyperfine state, and we
measure the corresponding rate of inelastic relaxation ac-
companied by the loss of the atoms. The homonuclear
collisions are absent and our measurements give pure loss
rates of specific hyperfine heteronuclear collisions. The
experiments are done at temperatures close to the bor-
der of the ultracold limit (tens of microkelvins) and are
supported by finite temperature coupled channels calcu-
lations. Our work can be easily extended to other alkali
atoms, even to atom-molecule collisions [20, 21], thus al-
lowing further understanding of heteronuclear collisions,
a precise test of atomic collisional theory, and applica-
tions to quantum information processing.
Experimental setup and results
Our two-atom heteronuclear system is composed of a
single 85Rb and a single 87Rb in a micro optical dipole
trap (ODT), and there are three important points in the
experiment. The first one is a sequential trapping of
a single 87Rb in a static ODT and a single 85Rb in a
movable ODT [22], and we make sure that two atoms
of different isotopes are actually trapped (see Fig.1 and
Methods). Second, we shift the movable ODT to over-
lap with the static one, and adiabatically turn off the
movable trap. We get 87Rb and 85Rb in one trap with
probability of about 95%. The third point is that because
of collisional blockade [23] we have to kick out one of the
atoms before detecting the presence of the other one. By
optimizing this procedure we have minimized unwanted
atom losses to less than 3%.
Depending on the hyperfine states of 87Rb and 85Rb,
2FIG. 1. (color online) Experimental setup and measurement time sequence. (a) Schematic diagram of the experimental setup.
Two 830 nm lasers are collimated and then strongly focused by an objective (Linos,HALO30) into the vacuum chamber to form
two ODTs. The movable ODT is from 830 nm laser-1 and can be shifted to overlap with the static ODT (from 830 nm laser-2)
by controlling PZT-1 (Piezoelectric Ceramic Transducer). The fluorescence of trapped single atoms is collected by the same
objective and guided to SPCM (Single Photon Counting Module) for detection. PZT-2 controls the fluorescence collecting
region. A detailed description can be found in Methods. (b)Time sequence in the experiment. Each survival probability in our
experiment is the result from 300 repeated measurements.
there are three inelastic decay processes:
(A) 87Rb(F = 2) +85 Rb(F = 3)⇒

87Rb(F = 1) +85 Rb(F = 3)
87Rb(F = 2) +85 Rb(F = 2)
87Rb(F = 1) +85 Rb(F = 2)
(B) 87Rb(F = 2) +85 Rb(F = 2)⇒{
87Rb(F = 1) +85 Rb(F = 3)
87Rb(F = 1) +85 Rb(F = 2)
(C) 87Rb(F = 1) +85 Rb(F = 3)⇒
87Rb(F = 1) +85 Rb(F = 2)
We have not set a magnetic field, and for each atomic
spin F in the initial state of the collision the states with
all possible values of the spin projection MF are likely
equally populated. The energy released in the inelastic
processes A, B and C is about several GHz and it exceeds
the trap depth U0 by more than two orders of magnitude.
Therefore, both atoms are ejected from the trap as a
result of the inelastic relaxation, which is confirmed in
the experiment by selectively kicking out 85Rb or 87Rb in
the B process. In most of our experiments the trap depth
is U0 = 0.6 mK, which in our configuration provides the
radial trap frequency ωρ = 38.8± 0.1 kHz and the axial
trap frequency ωz = 3.2± 0.1 kHz.
We measure the survival probability P (t) for the atoms
to remain in the trap at time t (see Fig.2). For each t we
execute 300 repetitions of the loop sequence of Fig.1(b).
In the case of A and B processes the decay is strongly
dominated by the interaction-induced spin relaxation.
The probability P (t) is then described by an exponential
time dependence. Within less than 10% of uncertainty
the experimental data can be fitted with an exponential
function P = w exp(−t/τ) + w0. The presence of the
residue w0 has two reasons. First of all, the two-atom
system is obtained with 95% probability, and there are
traps with only one atom which remains trapped on a
much longer time scale (about 11s [24]) than the col-
lisional lifetime τ . Second, doubly polarized pairs (for
each atom the spin projection is equal to the spin) can
decay only due to weak spin-spin or spin-orbit interac-
tions and practically remain stable on the time scale of
our experiment.
The process C is much slower than A and B, and our
measurements for this process have been made on a time
scale of about 500 ms. In this case the decay is signifi-
cantly influenced by single atom spin relaxation, and we
have to take it into account in the rate equations for ex-
tracting τ from our measurements (see Methods).
The measured τ has about 15% of statistical uncer-
tainty which decreases with increasing the executed loop
numbers. Aside from single atom spin relaxation, the
value of τ is influenced by single atom loss events. The
heating rate in the dipole trap is about 20 µK/s [25] and
it increases the collisional volume, thus slightly increas-
ing the decay time τ . We estimate the overall uncertainty
in our values of τ as about 20 %.
For the A collisional process, we also vary the temper-
ature in order to test the dependence of τ on the effec-
tive volume (density) of atoms in the trap. As expected,
the time τ increases with temperature and one can see
this from the comparison of the results in Fig.2(b) and
Fig.3(a). We then tested that the result for τ does not de-
pend on whether we kick out 85Rb or 87Rb for measuring
P (t) (see Fig.2(c) and Fig.3(b)). It is easy to conclude
that not only relaxation times are very close to each other
(as one sees in Table 1), but also the functions P (t).
3FIG. 2. (color online) Experimental data for the decay rates. (a) Energy levels of hyperfine states of 87Rb and 85Rb. (b),
(c), and (d) Survival probability P versus time t for the A, B, and C collisions, respectively. The measurements are done for
the survival probability of 87Rb after kicking out 85Rb. The black squares are experimental data, with each point being the
result from 300 repeated measurements. In b) and c) the solid curves show a fit by the formula P = w exp(−t/τ ) +w0, and in
d) a fit with the numerical solution of the rate equations including single atom spin relaxation. The data are collected at the
trap depth U0 = 0.6 mK, and the initial temperatures T87 = 35 ± 3 µK, T85 = 15 ± 1 µK. Numbers in bracket are the fitting
standard deviations.
FIG. 3. (color online) The decay under different conditions. (a) The same as in Fig.2(b) but for T87 = 47±3 µK and T85 = 27±2
µK. (b) The same as in Fig.2(c) but for kicking out 87Rb.
Theory and analysis
The rate equations for the inelastic decay processes A,
B, and C can be written as
dP
dt
= −
P
τ
, (1)
where P (t) is the probability that at time t the atoms are
still present in the trap, and τ is the relaxation (decay)
time that we measure. These processes occur at inter-
atomic distances of the order of or smaller than the radius
of the interaction potential Re = (mC6/~
2)1/4 ≈ 80A˚
(C6 is the Van der Waals constant). At our trap fre-
quencies and temperatures from 15 to 55 µK we have
T ≫ ~ωρ, ~ωz, and the motion of atoms in the trap is
surely quasiclassical. The extention of the wavefunction
of the atoms in the trap is rT ∼ (T/mω
2)1/2 ∼ 0.2µm,
wherem and ω are characteristic values of the atom mass
and trap frequency. Thus, we have the inequality
rT ≫ Re. (2)
4Therefore, the decay (relaxation) time τ can be expressed
through the relaxation rate constant α in free space:
1
τ
=
α
Veff
, (3)
where
Veff =
(
2πTeff
µω
4/3
ρ ω
2/3
z
)3/2
(4)
is the effective volume, Teff = µ(T1/m1 + T2/m2) is the
effective temperature, with m1,m2 and T1, T2 being the
masses and temperatures of 87Rb and 85Rb, and µ is the
reduced mass. The rate constant α in Eq.(3) is averaged
over the Boltzmann distribution of relative momenta k
at effective temperature Teff
α =
(
~
2
2πµTeff
)3/2∫ ∞
0
α(k) exp
(
−
~
2k2
2µTeff
)
4πk2dk. (5)
Note that due to elastic collisions between the atoms the
two-atom system eventually acquires an equilibrium tem-
perature (T1 + T2)/2. However, it is different from the
initial effective temperature Teff by less than 1%, and so
will be the effective volume and the average value of α.
At our temperatures the quantity kTRe ∼ 0.5, where
kT = (mT/~
2)1/2 is the thermal momentum, so that we
are close to the border of the s-wave scattering limit.
Therefore, in addition to the s-wave scattering, we took
into account the scattering with higher orbital angular
momenta. The rate constants αA, αB, and αC for the
processes A, B, and C were calculated using the cou-
pled channels method [4, 26] at finite collision energies
(see Methods). In the center of mass reference frame the
Hamiltonian governing the collisions has the form
H =
p2
2µ
+
ℓ2
2µr2
+ Vel(r) + Vhf , (6)
where r is the interatomic distance, p is its conjugate
momentum, and ℓ is the orbital angular momentum op-
erator. The interatomic interaction operator is given by
Vel(r) = Vs(r)Ps +Vt(r)Pt, with Ps and Pt being projec-
tors onto the electronic singlet and triplet states of the
colliding pair of atoms. The term Vhf = a1S1 ·I1+a2S2 ·I2
is the hyperfine interaction, where S1, I1, a1 and S2, I2, a2
are the electron and nuclear spin operators and hyperfine
constants for 87Rb and 85Rb, respectively. The total spin
operators of the atoms are F1 = S1+I1 and F2 = S2+I2,
and the total spin operator of the pair is F = F1 + F2.
The Hamiltonian H of Eq.(6) conserves both the total
spin F and its projection MF . It also conserves the or-
bital angular momentum ℓ and its projection Mℓ.
The rate of inelastic spin relaxation occuring when at
least one of the colliding atoms is in a higher hyperfine
state, can be expressed through the real and imaginary
parts of the elastic scattering amplitude. The well-known
formula for the inelastic rate constant [27], averaged over
the initial spin projections, is transformed to (see Meth-
ods):
α(F1, F2, k) =
4π~
(2F1 + 1)(2F2 + 1)µ
∞∑
ℓ=0
(2ℓ+ 1)
F=F1+F2∑
F=|F1−F2|
×(2F + 1)[Imfℓ(F1, F2, F, k)− k|fℓ(F1, F2, F, k)|
2]. (7)
Accordingly, αA ≡ α(2, 3), αB ≡ α(2, 2), and αC ≡
α(1, 3). The quantity fℓ(F1, F2, F, k) in Eq.(7) is the am-
plitude of elastic ℓ-wave scattering of these atoms at the
total spin F .
We apply the accumulated–phase method (see Meth-
ods) and calculate the accumulated–phase parameters
from the known properties of homonuclear 87Rb87Rb and
85Rb85Rb collisions using mass scaling [26]. The main in-
accuracy of our calculations stems from the choice of the
accumulated phase, and we have checked that our results
are stable within 5% when the value of this phase is var-
ied by a few percent. The p-wave (ℓ = 1) contribution at
our temperatures is comparable with the s-wave (ℓ = 0)
one, but the contributions of the d-wave and higher par-
tial waves are below 1%. Therefore, in the following we
confine ourselves only to the s-wave and p-wave scatter-
ing.
In Table 1 the results of the calculations for the pro-
cesses A, B and C are compared with the experimental
data. For the fast A and B processes one sees an agree-
ment between experiment and theory within the error
bars of the experimental data. For the slow C process
the calculated α is near the upper bound of the experi-
mental value accounting only for statistical uncertainties.
The reason for this small discrepancy is that the heating
effect, although fairly small, still increases the effective
volume so that the measured τ actually corresponds to
slightly higher temperatures than the initial ones. This
means that the experimental value of α at the initial
temperatures should actually be slightly (by about 15%)
higher than the one in Table 1.
Discussion
The relaxation rates obtained in our work are rather
high. In interesting experiments with spinor heteronu-
clear mixtures [28], this places an upper limit of at
about n ∼ 1012 cm−3 on the density if a higher hy-
perfine atomic state is involved. Our relaxation rate
constants are several orders of magnitude higher than
the ones for doubly polarized atomic states, like for ex-
ample 87Rb(F1 = 2,M1 = 2), where the relaxation is
caused only by weak spin-spin and spin-orbit interac-
tions [29]. We expect a similar reduction for inelastic
collisions of doubly polarized 87Rb and 85Rb atoms, such
as 87Rb(F1 = 1,M1 = 1)+
85Rb(F2 = 3,M2 = 3).
5TABLE I. Summary of the results (the experimental data are for the trap depth U0 = 0.6 mK (ωρ = 38.8 kHz, ωz = 3.2 kHz))
Collisional
process
Temperature and
trap depth(µK )
Decay time(ms) Experimental α(cm3/s) Calculated α(cm3/s)
T87 = 35± 3, T85 = 15± 1, kick out
85Rb τA=74±12 (5.9±1.1)× 10
−11 5.6× 10−11
A T87 = 47± 3, T85 = 27± 2, kick out
85Rb τA=121±13 (6.5±0.8)× 10
−11 5.9× 10−11
T87 = 35± 3, T85 = 15± 1, kick out
85Rb τB=70±8 (6.3±0.9)× 10
−11
B T87 = 35± 3, T85 = 15± 1, kick out
87Rb τB=67±9 (6.6±1.0)× 10
−11 6.8× 10−11
C T87 = 35± 3, T85 = 15± 1, kick out
85Rb τC=1800±250 (2.4±0.4)× 10
−12 3.2× 10−12
Our results may also have implications for engineering
of quantum states and creation of two-qubit quantum
gates in a system of single-atom traps, in particular with
respect to a proper selection of hyperfine atomic states.
The relaxation time τ in our experiment is still much
larger than the characteristic time on which the single-
atom coherence is preserved - the decoherence time τdc.
The time τdc measured at the same temperature T is
about 1 ms and it increases with decreasing T [30, 31].
On the other hand, the time τ strongly decreases with
T due to a related decrease in the effective volume Veff .
The expected reduction in τ for the atoms in the ground
vibrational state is about a factor of 30 compared to the
data in Table 1, and it becomes of the same order of
magnitude as τdc, at least for the atoms in the states
F1 = 2, F2 = 2 and F1 = 2, F2 = 3 (processes A and B).
Even for the slowest process C the expected τ is ∼ 50ms,
which is close to the maximum τdc obtained up to now
in experiments with single-atom traps [32].
The time τ can be certainly increased by decreasing the
trap frequencies. However, there is a lower bound for the
frequencies. This is because for quantum gates the time
τdc and, hence, τ should be at least 4 orders of magnitude
larger than the operational time τop [33]. The latter is on
the millisecond level in the considered situation and can
not be much smaller than the inverse interaction energy
of the two atoms in the trap, so that τop ∼ ~Veff/g, where
g = 4π~2a/m is the coupling constant for the elastic
interaction, and a is the scattering length. We thus have
the condition:
τ ≫ τdc > 10
4τop ∼
104~Veff
g
. (8)
As the effective volume is Veff ∝ 1/ω
3, for realistic τdc
below 1s the lower bound for the trap frequency is about
a few kiloHertz.
There is also a fundamental limitation independent of
the trap frequencies. Since τ = Veff/α, equation (8) im-
mediately leads to the inequality
g
~α
≫ 104. (9)
For common values of g/~ from 10−9 to 10−11 cm3/s
equation (9) can be satisfied for doubly polarized atomic
states, such as 87Rb(F = 2,MF = 2) where g/~ ∼ 10
−10
cm3/s, and α < 10−14 cm3/s. Another option would be
to increase g by using a Feshbach resonance, although
this can also increase inelastic losses.
The advantage of our work is that we study collisions
in a two-atom system, which allows us to single out a
particular collisional process. In upcoming experiments
we intend to prepare atomic states with given spin pro-
jections MF and cool the atoms down to the ground vi-
brational state [34, 35] in order to execute a possibility of
creating a quantum gate. Our work also paves a way to
the creation of single heteronuclear molecules and to the
studies of atom-molecule and molecule-molecule binary
systems.
Methods
Details of experimental methods
In our experiment single atoms are trapped in micro op-
tical dipole traps (ODT) which are formed by strongly
focusing 830 nm lasers to a beam waist of about 2.1 µm.
The dipole lasers follow the paths shown in Fig.1(a) by
the red solid lines. The movable ODT is initially 5 µm
away, and it can be shifted to overlap with the static ODT
by changing the voltage of PZT-1. We detect trapped
atoms by collecting the fluorescence in the trap region as
shown by blue dashed lines. The fluorescence is coupled
into a polarization-maintaining (PM) single mode fiber
(with the core diameter of 5 µm) for spatial filtering and
is then guided to a single photon counting mode (SPCM,
AQRH-14-FC). Owing to a moderate core diameter of
the fiber and to a fairly large distance between the two
traps, we can selectively collect the fluorescence from one
of them. The disturbance from the other trap (crosstalk
effect) is eliminated by properly adjusting the voltage of
PZT-2.
The whole experiment is executed following the time
sequence shown in Fig.1(b). We first trap 87Rb in the
static ODT and then 85Rb in the movable trap. We do an
extra check of the 87Rb presence in the trap by turning on
the 87Rb MOT again for 20ms at step 3. Only when 87Rb
is still trapped, we record the final result of the collision.
In order to check that only a 87Rb is in the static trap
6and meanwhile only a 85Rb in the movable trap, we first
detect the absence of the fluorescence of 87Rb from the
movable trap and the absence of fluorescence of 85Rb
from the static trap. This is followed by the fluorescence
detection of 87Rb and 85Rb in the static and movable
traps, respectively.
In step 4 we first prepare 85Rb in F2 = 2 and
87Rb
in F1 = 1 states in order to eliminate the unwanted col-
lisional losses when switching off the MOT repumping
lasers 1ms before the MOT cooling lasers. For minimiz-
ing the heating effect we have optimized the process of
transferring 85Rb to the static trap. The transfer effi-
ciency can go up to 98% and is limited by the detection
efficiency and heating losses. The probability that 87Rb
survives when the movable trap approaches the static one
and then is adiabatically switched off, is also about 98%.
The temperature is measured in this type of process by
using the release and recapture technique [24] when one
of the traps (either static or movable) is empty.
In this way we create a heteronuclear two-atom sys-
tem. After a certain time, we kick out one of the atoms
from the trap by using resonant lasers. Optimizing the
laser intensities and shortening the pulse duration to
0.1ms, we have minimized the unwanted losses to less
than 3%. Eventually, we have succeeded in trapping
two heteronuclear single atoms in the static ODT with
about 95% probability.
Analysis of the experimental data
For the slow process C we extracted τ from the fit of
our experimental data with the numerical solution of the
rate equations taking into account single atom spin re-
laxation. These are linear equations for the quantities
PF1F2(t) representing the probabilities that both
87Rb
with spin F1 and
85Rb with spin F2 are present in the
trap at time t:
dP13
dt
= −
P13
τC
+
(P23 + P12 − 2P13)
τr
,
dP12
dt
=
(P13 + P22 − 2P12)
τr
,
dP23
dt
= −
P23
τA
+
(P13 + P22 − 2P23)
τr
,
dP22
dt
= −
P22
τB
+
(P23 + P12 − 2P22)
τr
.
For the time of single atom spin relaxation we did an
independent measurement, and the measured value is
τr = 1100± 150 ms. The interaction-induced relaxation
times τA and τB were taken from the data for the A and
B processes. In the main text, Fig.2(d) shows that the
best numerical fit P13(t) deviates from the experimental
data by less than 10%.
Calculation of the inelastic rate constants
At low temperature the inelastic spin relaxation occurs
when at least one of the colliding atoms is in a higher
hyperfine state. The rate constant of this process is given
by [27]
α(F1, F2, k)=
π~
µk
∑
M1,M2,f
∞∑
ℓ=0
(2ℓ+ 1)|S
(ℓ)
if |
2
(2F1 + 1)(2F2 + 1)
. (10)
The quantity S
(ℓ)
if is the S-matrix element for the ℓ-wave
scattering from the initial state i characterized by the
atom spins F1, F2 and their projectionsM1,M2 to a final
state f which has a lower internal (hyperfine) energy, so
that there is an energy release in the inelastic scattering
process. In Eq.(10) we also averaged over the initial spin
projections M1 and M2. Due to the unitarity condition
for the S-matrix elements we have:∑
f
|S
(ℓ)
if |
2 = 1− |S
(ℓ)
ii |
2 −
∑
i′ 6=i
|S
(ℓ)
ii′ |
2, (11)
where Sii is the S-matrix element for elastic scattering
in which the spin projections M1,M2 remain the same,
and Sii′ is the S-matrix element for elastic scattering
which changes M1,M2 to M
′
1,M
′
2. Expressions for the
S–matrix elements through the corresponding scattering
amplitudes read [27]:
S
(ℓ)
ii′ = δii′ + 2ikf
(ℓ)
ii′ (k). (12)
The amplitudes fii′ are conveniently expressed through
the amplitudes fℓ(F1, F2, F, k) of elastic scattering of
atoms with spins F1, F2 at the total spin F of the pair:
f
(ℓ)
ii′ (k) =
F=F1+F2∑
F=|F1−F2|
〈F1M1F2M2|F1F2FM〉
〈F1M
′
1F2M
′
2|F1F2FM〉fℓ(F1, F2, F, k). (13)
In the absence of a magnetic field the amplitudes
fℓ(F1, F2, F, k) do not depend on the total spin projec-
tion M . The Clebsch–Gordan coefficients which appear
in Eq.(13) satisfy the summation rule:∑
M1,M2
〈F1M1F2M2|F1F2FM〉〈F1M1F2M2|F1F2F˜ M˜〉
= δFF˜ δMM˜ . (14)
Substituting Eqs.(12) and (13) into Eq.(10), and making
use of Eq.(14), we arrive at equation (7) of the main text:
α(F1, F2, k) =
1
(2F1 + 1)(2F2 + 1)
4π~
µ
∞∑
ℓ=0
(2ℓ+ 1)
F1+F2∑
F=|F1−F2|
(2F+1)[Imfℓ(F1, F2, F, k)−k|fℓ(F1, F2, F, k)|
2].
The amplitudes fℓ(F1, F2, F, k) were calculated numer-
ically using the coupled channels method [4]. Our imple-
mentation of this method is described in Ref. [36]. The
7asymptotic behavior of the scattering states is enforced
at a distance of 1000a0, with a0 being the Bohr radius.
The accumulated-phase boundary condition is applied at
r0 = 16a0. It summarizes the short–range physics in
the region of distances r < r0, where the triplet and sin-
glet interaction potentials are poorly known, into 6 phase
parameters. We calculate these parameters for heteronu-
clear 87Rb85Rb collisions starting from the known data
for homonuclear 87Rb87Rb and 85Rb85Rb collisions and
using the mass scaling technique [26], which exploits the
fact that the Born–Oppenheimer electronic potentials Vs
and Vt do not depend on the type of isotopes. The hy-
perfine coefficients a1 and a2 were taken from Ref. [37].
Solving the coupled differential equations for the wave-
functions within the subspaces characterized by the con-
served quantum numbers F,M we calculated all scatter-
ing amplitudes fℓ(F1, F2, F, k) as functions of the inci-
dent relative momentum k. The calculated rate constants
α(F1, F2, k) are then averaged over the thermal distribu-
tion of k according to Eq.(5). Note that our zero tem-
perature result αC = 0.8× 10
−12 cm3/s is fairly close to
the lower bound of the interval (1.2− 4.5)× 10−12 cm3/s
found for the C process with 87Rb(F1 = 1,M1 = −1)
and 85Rb(F2 = 3,M2 = 3) in Ref. [38] which used old
data for the interaction potentials.
Acknowledgments
We acknowledge fruitful discussions with Jiaming Li,
Antoine Browaeys and Philippe Grangier. This work has
been supported by the National Basic Research Program
of China under Grant No. 2012CB922101 and the Na-
tional Natural Science Foundation of China under Grant
Nos. 11104320 and 11104321. GVS acknowledges sup-
port from IFRAF and from the Dutch Foundation FOM.
DJP and GVS emphasize that the research leading to
their results in this paper has received funding from the
European Research Council under European Commu-
nity’s Seventh Framework Programme (FR7/2007-2013
Grant Agreement no.341197).
Author Contributions X.D. H., P. X. and M.S. Z. de-
signed the experiments. M.S.Z supervised the project.
J.H. Y, Y. Z. and K.P. W. did the experiment. P.X. and
J.W. analyzed the experimental data. D.J.P., G.V.S.,
and M.L. performed the theoretical calculation. P. X.,
G.V. S. and M.S. Z. wrote the paper.
Competing financial interests The authors declare no
competing financial interests.
Corresponding author Correspondence should be ad-
dressed to Mingsheng Zhan (mszhan@wipm.ac.cn).
∗ mszhan@wipm.ac.cn
[1] Jaksch, D., Briegel, H.-J., Cirac, J. I., Gardiner, C. W.
& Zoller, P. Entanglement of atoms via cold controlled
collisions Phys. Rev. Lett. 82, 1975-1978 (1999)
[2] Mandel, O., Greiner, M., Widera, A., Rom, T., Ha¨nsch,
T. W. & Bloch, I. Controlled collisions for multi-particle
entanglement of optically trapped atoms. Nature 425,
937 (2003).
[3] Taglieber, M., Voigt, A.-C., Aoki, Ha¨nsch, T. W. &
Dieckmann, K. Quantum Degenerate two-species fermi-
fermi mixture coexisting with a Bose-Einstein Conden-
sate. Phys. Rev. Lett. 100, 010401 (2008).
[4] Kohler, T., Goral, K. & Julienne, P. S. Production of cold
molecules via magnetically tunable Feshbach resonances.
Rev. Mod. Phys. 78, 1311-1361 (2006).
[5] Bell, M. T. & Softley, T. P. Ultracold molecules and ul-
tracold chemistry. Mol. Phys. 107, 99-132 (2009).
[6] Weiner, J., Bagnato, V. S., Zilio, S. & Julienne, P. S.
Experiments and theory in cold and ultracold collisions.
Rev. Mod. Phys. 71, 1 (1999).
[7] Santos, M. S., Nussenzveig, P., Marcassa, L. G., Helmer-
son, K., Flemming, J., Zilio, S. C. & Bagnato, V. S. Si-
multaneous trapping of two different atomic species in a
vapor-cellmagneto-optical trap. Phys. Rev. A 52, R4340-
R4343 (1995). See also erratum, Phys. Rev. A 54, 1739
(1996).
[8] Telles, G. D., Marcassa, L. G., Muniz, S. R., Miranda,
S. G., Antunes, A., Westbrook, C. & Bagnato, V. S.
Inelastic cold collisions of a Na/Rb mixture in a magneto-
optical trap. Phys. Rev. A 59, R23 (1999).
[9] Shaffer, J. P., Chalupczak, W. & Bigelow, N. P. Trap loss
in a two-species Na-Cs magneto-optical trap: intramul-
tiplet mixing in heteronuclear ultracold collisions. Phys.
Rev. A 60, R3365(R) (1999).
[10] Telles, G. D., Garcia, W., Marcassa, L. G., Bagnato, V.
S., Ciampini, D., Fazzi, M., Mu¨ller, J. H., Wilkowski,
D. & Arimondo, E. Trap loss in a two-species Rb-Cs
magneto-optical trap. Phys. Rev. A 63, 033406 (2001).
[11] Schlo¨der, U., Engler, H., Schu¨nemann, U., Grimm,
R. & Weidmu¨ller, M. Cold inelastic collisions between
lithium and cesium in a two-species magneto-optical trap.
Eur.Phys. J. D 7, 331 (1999).
[12] Weber, C., John, S., Spethmann, N., Meschede, D. &
Widera, A. Single Cs atoms as collisional probes in a
large Rb magneto-optical trap. Phys. Rev. A 82, 042722
(2010).
[13] Mudrich, M., Kraft, S., Lange, J., Mosk, A., Wei-
demu¨ller, M. & Tiesinga, E. Hyperfine-changing colli-
sions in an optically trapped gas of ultracold cesium and
lithium. Phys. Rev. A 70, 062712 (2004).
[14] Gorges, A. R., Bingham, N. S., DeAngelo, M. K., Hamil-
ton, M. S. & Roberts, J. L. Light-assisted collisional loss
in a 85/87 Rb ultracold optical trap. Phys. Rev. A 78,
033420 (2008).
[15] Hamilton, M. S., Gorges, A. R. & Roberts, J. L. Inter-
isotope effects in optimal dual-isotope loading into a shal-
low optical trap. J. Phys. B: At. Mol. Opt. Phys. 45,
095302 (2012).
[16] Spethmann, N., Kindermann, F., John, S., Weber, C.,
Meschede, D. & Widera, A. Dynamics of single neutral
impurity atoms immersed in an ultracold gas. Phys. Rev.
Lett. 109, 235301 (2012).
[17] Ueberholz, B., Kuhr, S., Fresen, D., Meschede, D. &
Gomer, V. Light assisted collisions in a MOT contain-
ing a very small number of atoms. J. Phys. B 33, L135
8(2000).
[18] Fuhrmanek, A., Bourgain, R., Sortais, Y.R.P. &
Browaeys, A. Study of light assisted collisions between a
few cold atoms in a microscopic dipole trap. Phys. Rev.
A 85, 062708 (2012).
[19] Sompet, P., Carpentier, A. V., Fung, Y. H., McGovern,
M. & Andersen, M. F. Dynamics of two atoms undergo-
ing light assisted collisions in an optical microtrap. Phys.
Rev. A 88, 051401R (2013).
[20] Staanum, P., Kraft, S. D., Lange, J., Wester, R. &
Weidemu¨ller, M. Experimental investigation of ultracold
atom-molecule collisions. Phys. Rev. Lett. 96, 023201
(2006).
[21] Zahzam, N., Vogt, T., Mudrich, M., Comparat, D. &
Pillet, P. Atom-molecule collisions in an optically trapped
gas. Phys. Rev. Lett. 96, 023202 (2006).
[22] Beugnon, J., Tuchendler, C., Marion, H., Gaetan, A.,
Miroshnychenko, Y., Sortais, Y. R. P., Lance, A. M.,
Jones, M. P. A., Messin, G., Browaeys, A. & Grangier,
P. Two-dimensional transport and transfer of a single
atomic qubit in optical tweezers. Nature Physics 3, 696
(2007).
[23] Schlosser, N., Reymond, G. & Grangier, P. Collisional
blockade in microscopic optical dipole traps. Phys. Rev.
Lett. 89, 023005 (2002).
[24] Yu, S., He, X. D., Xu, P., Liu, M., Wang, J. & Zhan, M.
S. Single atoms in the ring lattice for quantum informa-
tion processing and quantum simulation. Chin. Sci. Bull.
57,1931-1945 (2012).
[25] Yu, S., Xu, P., He, X. D., Liu, M., Wang, J. & Zhan, M.
S. Qubit fidelity of a single atom transferred among the
sites of a ring optical lattice. Phys. Rev. A 90, 062335
(2014).
[26] Verhaar B. J., Kempen E. G. M. van & Kokkelmans S.
J. J. M. F. Predicting scattering properties of ultracold
atoms: Adiabatic accumulated phase method and mass
scaling. Phys. Rev. A 79, 032711 (2009).
[27] Landau, L.D., & Lifshitz, E.M. Quantum Mechanics, Vol.
III (Pergamon, Oxford, 1991).
[28] Papp, S.B., Pino, J.M. & Wieman, C.E. Tunable misci-
bility in a dual-species Bose-Einstein condensate. Phys.
Rev. Lett. 101, 040402 (2008).
[29] Chin, C., Grimm, R. Julienne, P.S., and Tiesinga, E.
Feshbach resionances in ultracold gases. Rev. Mod. Phys.
82, 1225 (2010).
[30] Kuhr, S., Alt, W., Schrader, D., Dotsenko, I., Miroshny-
chenko, Y., Rauschenbeutel, A. & Meschede, D. Analysis
of dephasing mechanisms in a standing-wave dipole trap.
Phys. Rev. A 72, 023406 (2005).
[31] Yu, S., Xu, P., He, X. D., Liu, M., Wang, J. & Zhan,
M. S. Suppressing phase decoherence of a single atom
qubit with Carr-Purcell-Meiboom-Gill sequence. Opt.
Exp. 21,032130 (2013).
[32] Li, G., Zhang, S., Isenhower, L., Maller, K., Saffman, M.
Crossed vortex bottle beam trap for single-atom qubits.
Opt. Lett. 37, 851 (2012).
[33] DiVincenzo, D.P. The Physical implementation of quan-
tum computation. Fortschritte der Physik 48, 771 (2000)
(arXiv:quant-ph/0002077).
[34] Kaufman, A.M., Lester, B.J. & Regal, C.A. Cooling a
single atom in an optical tweezer to its quantum ground
state. Phys. Rev. X 2, 041014 (2012).
[35] Thompson, J.D., Tiecke, T.G., Zibrov, A.S., Vuletic, V.
& Lukin, M.D. Coherence and Raman sideband cooling
of a single atom in optical tweezer. Phys. Rev. Lett. 110,
133001 (2013).
[36] Papoular, D.J. Manipulation of interactions in quantum
gases: a theoretical approach, PhD thesis, Universit’e
Paris–Sud (2011).
[37] Arimondo, E., Inguscio, M., & Violino, P. Experimental
determinations of the hyperfine structure in the alkali
atoms. Rev. Mod. Phys. 49, 31 (1977).
[38] Burke, J.P., Bohn J.L., Esry B.D., & Greene C.H.
Prospects for mixed-isotope Bose-Einstein Condensates
in rubidium, Phys. Rev. Lett. 80, 2097 (1998).
